A certain quantity of residual leukemic cells at several time points during chemotherapy of childhood acute lymphoblastic leukemia (ALL) was proved to predict outcome. Future childhood ALL treatment will take minimal residual disease (MRD) into consideration for stratification aiming at an individualization of chemotherapeutic regimens. Recently, the first quantitative real-time PCR assay for MRD detection was described using T cell receptor and immunoglobulin gene rearrangements as clonal markers. 
Introduction
The detection of minimal residual disease (MRD) and the monitoring of leukemic cell burden reduction during therapy of childhood acute lymphoblastic leukemia (ALL) predicts outcome and is thought to be important for treatment stratification and individualization of therapy. [1] [2] [3] [4] Moreover, assessment of MRD seems to contribute considerably to anticipatorily evaluating the success of bone marrow transplantation. 5 In the future, detection of MRD will be an essential part of routine diagnostics in childhood ALL. PCR-based assessment of MRD allows the detection of leukemic cells with a 100-to 100 000-fold higher sensitivity than cytomorphology. 6 PCR analysis using the clone-specific junctional regions (CJR) of T cell receptor (TCR)-␦ and -␥ gene rearrange-ments as markers, enables a sensitive MRD detection in 80% of childhood B cell precursor ALL. 7, 8 Different attempts have been made using primers or probes designed to bind to the CJR to quantify MRD in post-PCR assays. [9] [10] [11] Currently published studies are based on the hybridization of the PCR products with a radioactive labelled clone-specific probe. 1, 2 However, PCR end-point quantification methods cannot provide the information for an accurate quantification that is available during exponential amplification. Quantitative estimation methods using serial dilutions or competitive PCR have tried to overcome these problems. [9] [10] [11] However, these approaches are rather laborious, require multiple PCR analyses and are not suitable for routine use. No reliable method allowing an accurate quantification existed until real-time PCR techniques became available. [12] [13] [14] [15] Real-time quantitative PCR technology performed on ABI PRISM 7700 SDS for MRD quantification with clone-specific TCR-␦ junctional region probes was first described by Pongers-Willemse et al. 12 Several groups have presented the possibilities of MRD quantification using leukemia-specific bcr/abl fusion transcripts with TaqMan and LightCycler Technology. 14, 15 Here, we demonstrate and compare different approaches using TCR-␦ V2-D3 gene rearrangements as clonal markers for MRD detection in ALL. For fluorescent-based real-time PCR quantification the assays work with clone-specific primers combined with a general detection method using SYBR Green or a hydrolyzation probe, or different combinations of hybridization probes with a pair of labelled primer and probe. We used the new LightCycler technology combining unmatched rapid thermocycling with on-line real-time fluorescence detection of PCR product amplification for reliable and sensitive MRD quantification.
Methods

Samples
Bone marrow samples at diagnosis were obtained after written consent. Diagnosis specimens were collected prior to chemotherapy and malignant cells constituted 70-95% in the specimens. Diagnosis was based on bone marrow and peripheral blood examinations and immunophenotyping. Mononuclear cells were isolated by Ficoll density gradient centrifugation (Seromed; Biochrom KG, Berlin, Germany; density 1.077 g/ml). High molecular weight DNA was isolated using QIAamp Kit (Qiagen, Hilden, Germany).
Detection of clonal gene rearrangements
The presence of a TCR-␦ gene rearrangement was assessed by multiplex PCR. 16 The PCR products were analyzed for oligoclonality by single-stranded conformation polymorphism (SSCP) and by heteroduplex analysis. SSCP bands were excised, eluted and further amplified by PCR, cloned and sequenced. For cloning TOPO TA Cloning Kit (Invitrogen Corporation, San Diego, CA, USA) was used following the manufacturer's recommendations. Sequences of the clone-specific TCR-␦ V2-D3 gene rearrangements were obtained using Big Dye Terminator Cycle Sequencing on a ABI Prism 377 Automated Sequencer (both PE Applied Biosystems, Foster City, CA, USA). Six ALL patient samples with clonal TCR-␦ V2-D3 gene rearrangement were randomly picked in order to demonstrate the potential of the LightCycler (Roche Diagnostics, Mannheim, Germany) for MRD quantification.
Methods for quantitative real-time PCR
Clone-specific primers:
The clone-specific primers were designed to end with their 3Ј-termini in the CJR, similar melting temperatures (T m ) of all primers enabled running the same cycling program for all samples. The melting temperatures for primers and probes were calculated using OLIGO 5.0 (MedProbe, Oslo, Norway) or the JAVA OLIGO program (TIB-MOLBIOL). The primers used were FOR00 5Ј-CCCAAGGTAACACAATCACTT as TCR-␦ V2 forward together with the clone-specific primers REV01 5Ј-TATCCCCCAT-AGCAGGTCA, REV02 5Ј-TGCGTATCCCCCAGGT, REV03 5Ј-CGTATCCCCCGGGAG, REV04 5Ј-CCCCCAgTTCTTTCCC, REV05 5Ј-TATCCCCCAGTCCCTTG and REV06 5Ј-CGTATCCCCCATTTCGT, respectively (Table 1) .
SYBR Green:
SYBR Green gives a bright fluorescence when bound to double-stranded nucleic acids and is used to monitor nucleic acid amplification. 17, 18 The PCR assay was performed with the clone-specific down primers (Figure 1a ).
Hydrolyzation probe:
A hydrolyzation (TaqMan) probe, located between the up-and downstream primer, consists of a double-labelled oligoncleotide containing a fluorophore and a quencher. The fluorophore is released during PCR through hydrolyzation of the probe due to 5Ј-exonuclease activity of the Taq Polymerase allowing real-time monitoring of the amplification (Figure 1b) . 19 Here, we used the hydrolyzation probe TMV2, 5Ј-fluorescein-TACCGAGAAAAGGACATCTA TGGCCC(TAMRA-dT)ph, binding to the conserved TCR-␦ V2 region. Specificity of the PCR is achieved by clone-specific primers in the CJR.
Hybridization probes:
Hybridization probes consist of a pair of neighbouring sequences containing different fluorophores at their adjacent ends. The detection of PCR product amplification with hybridization probes is based on 'Fluorescence Resonance Energy Transfer' between the fluorophores, a sensitive monitor for their vicinity. 20, 21 Internally labelled general primer and specific detection probe. An internally LC-Red 640 labelled primer ILC00 binding to the D3 region and a clone-specific hybridization probe spanning the CJR and designed complementary to the DNA Leukemia fragment containing ILC00 was used (Figure 1c) . The ILC00 primer 5Ј-TGTAGCACTGTGCGTATCC, containing a base substitution with the labelled thymidin instead of a cytosin (T), and the 3Ј-fluorescein-labelled (X) detection probes SFL01 5Ј-TCTTACTACTGTGCCTTTGACCTGCTATX, SFL02 5Ј-AAG GGTCTTACTACTGTGCCTGTGACACCTX, SFL03 5Ј-AAG GGTCTTACTACTGTGCCTCCCX, SFL04 5Ј-GGTCTTACTAC TGTGCCTGTGGGAAAGAACTX, SFL05 5Ј-GTCTTACTACT GTGCCTGTGACAAGGGACTX, and SFL06 5Ј-GGTCTTACT ACTGTGCCTGTGACACGAAATX were used together with the general forward primer FOR00.
Internally labelled clone-specific primer and detection probe. For three samples clone-specific internally labelled reverse primers ending in the respective CJR region, together with a general detection probe and the forward primer FOR00 were used (Figure 1d ). The sequences of the CJR-specific primers were ILC01 5Ј-TATCCCCCATAGCAGGTCA, ILC02 5Ј-GCGTATCCCCCAGGTG and ILC05 5Ј-TATCCCCCA-GTCCCTTG with the labelled base underlined, and as detection probe, 3FL01 5Ј-GAGATGAAGGGTCTCGCTCCC-ACTCCTTTX, the X indicating the terminal fluorescein label.
PCR conditions Clone-specific primers, SYBR Green and hydrolyzation probe:
The 
Hybridization probes:
The reaction mixtures contained: 
Optimization of PCR conditions:
All reactions were performed at different annealing temperatures between 59°C and 65°C. MgCl 2 concentrations between 1.5 mM and 5 mM were compared. BSA was used in order to avoid unspecific binding of the Taq Polymerase to the LightCycler glass capillary. BSA concentrations between 1 g and 20 g in 20 l were tested. In order to enhance the specificity predenaturation times of 3, 9, 12, 15 and 30 min were compared. For the optimization of the different amplification DNA Taq Polymerases: AmpliTaq (PE), AmpliTaq Gold (PE), Taq DNA Polymerase (Qiagen) and Platinum Taq Polymerase (GIBCO) were compared. Table 1 TCR␦ V2-D3 gene rearrangement CRJ and neighbouring sequences of samples 1-6 are shown as double strand
Fluorescein-labelled general probe; fluorescein-labelled clone-specific probe; LC-RED-labelled probe as general primer; LC-RED-labelled probe as clone-specific primer; Clone specific primer.
Melting curve analysis
For all PCR runs using hybridization probes or SYBR Green a melting curve was taken. Continuous fluorescence monitoring while slowly raising the temperature results in a sudden decrease of fluorescence at the temperature when the hybridization probe dissociates from the labelled template, or SYBR Green looses the fluorescence during denaturation of the PCR product. Unspecific amplification products are detected by their melting point/ fluorescence decrease at a lower temperature. The change of only one base results in a melting point (T m ) difference from 5 to 8°C for hybridization probes.
20,21 
Results
CJR, clonality and design of primer and probes
Products from multiplex PCR were excised after separation by SSCP, cloned and sequenced. All six patients showed monoclonal V2-D3 gene rearrangement confirmed by a heteroduplex analysis. Specific primers and specific hybridization probes were derived from the sample sequences (Table 1) .
Optimization of LightCycler real-time PCR amplification
The best PCR amplification results were achieved with the 20 l reaction volume containing 3.75 mM MgCl 2 and 5 g BSA. The Platinum DNA Taq Polymerase showed the highest amplification efficiency and produced the most stable results (data not shown). The concentration of the probes (hydrolyzation and hybridization probes) was tested in a range from 0.1 to 0.25 M. The highest sensitivity was reached by using a concentration of 0.1 M hydrolyzation probe and a concentration of 0.15 M hybridization probe. The optimal concentration of the hybrization probe working as downstream primer was 0.5 M as for all other primers.
The high amount of BC DNA in the standard dilution series had no steric effect on the efficiency of PCR amplification when the maximum predenaturation time was chosen. The best sensitivity for detection of 10 copies in the background Leukemia of 1 g DNA was reached with 30 min predenaturation time and amplification in two phases: the first five cycles with a lowered annealing temperature (59°C) and prolonged cycle steps, the following 50 cycles with a higher annealing temperature (61°C) and shorter cycle steps.
Standard curves and sensitivity
For all four approaches (SYBR Green, hydrolyzation probe, hybridization probes with clone-specific probe, hybridization probes with clone-specific primers) it was possible to create a standard curve using the plasmid samples from dilutions of 10 5 down to 10 1 target copies in 1 g BC DNA (Figure 2a-d) . Standard curves using hydrolyzation and hybridization probes were created with all six plasmids, SYBR Green was tested only in two (1 and 6).
SYBR Green:
Both plasmids tested showed a sensitivity of 10 1 copies in 1 g BC DNA.
Hydrolyzation probes:
With the hydrolyzation probes it was possible to reach a sensitivity of 10 1 copies in 1 g BC DNA for three plasmids (1, 3, 6) and 10 2 copies in 1 g BC DNA for the remaining three plasmids (2, 4, 5).
Hybridization probes:
With clone-specific probes and labelled general primer in two plasmids (1, 6) the sensitivity was 10 1 and in two plasmids 10 2 (4, 5) copies in 1 g BC DNA. In two plasmids the sensitivity was not higher than 10 3 copies (2, 3). Clone-specific PCR primer and a general hybridization probe was tested in three patient samples (1, 2, 5), a sensitivity of 10 1 copies in 1 g of DNA was reached. Different materials for preparation of the standard curve were compared in sample 1. Both plasmid DNA and leukemic blast DNA serial dilution standards resulted in similar curves (data not shown).
PCR amplification kinetics were different for the six plasmids in serial dilutions (Figure 3 ).
Leukemia
Figure 2
Standard curves for absolute quantification by LightCycler real-time PCR (sample 1). All standard curves were prepared from dilutions 
Specificity
The clone-specific binding of the specific primer/probes was tested combining each sample with all six specific primers/probes. SYBR Green was not taken for the assessment of specificity.
Hydrolyzation probe:
With clone-specific primers and the hydrolyzation probe amplification was detected only in the target sample, proving specificity.
Hybridization probe:
With the specific primer and general fluorescein probe specific detection was reached in all three samples tested (1, 2, 5); no aspecific amplification was seen. With hybridization probes, using the specific fluorescein probe, specific detection was reached in samples 1, 4, 5 and 6. Aspecific amplification was seen using the fluorescein probe of sample 2 and 3.
Melting curve analysis
Melting curve analysis is helpful to avoid detection of unspecific amplification using clone-specific fluorescein probes for real-time detection. Melting curve analysis reveals aspecific binding of the probe by its lower denaturation temperature, and helps to optimize the detection temperature to a level where no unspecific binding of the probe is seen (Figure 4a ). As demonstrated in Figure 4b , raising of the detection temperature to the optimal level set up by melting curve analysis avoids detection of unspecific amplification products. For two patients (4, 5) it was possible to exclude the detection of unspecific PCR products by raising the detection temperature.
Leukemia
Figure 4
An aspecific amplification is shown using the clone-specific probe of patient 5 in different patient samples. (a) Melting curve analysis reveals that this probe hybridized aspecific on three other clones detecting the PCR products at a temperature of 65°C and 58°C. Obviously for specific fluorescence detection the temperature has to be raised to 69°C. (b) Unspecific PCR amplification detection at 65°C and specific detection by raising the temperature to 69°C according to results from melting curve analysis.
Discussion
This report demonstrates and compares different approaches of minimal residual disease detection by real-time PCR with LightCycler technology in order to establish a sensitive, reliable and rapid method for routine MRD quantification. We are the first to present MRD quantification using hybridization probes designed especially for LightCycler technology.
We have proved that it is possible to combine the high amount of 1 g DNA in each PCR for MRD quantification on the one hand with the small optimal reaction volume (20 l) in the LightCycler capillary on the other hand by increasing the predenaturation time and by splitting the cycles into two phases.
A precondition for absolute MRD quantification by PCR is the serial dilution of a reference sample. The kinetic of PCR amplification using the same real-time detection method in the different patient samples was compared in order to find out if one common standard curve is applicable for all patient samples with the same type of rearrangement. Since we have seen differences in amplification kinetics in the six patient samples with all real-time detection methods, we conclude that it is not possible to use one reference sample for all clones with the same rearrangement pattern.
Cloning of a standard for each single patient is expensive and time consuming. Using a dilution row directly from patient samples obtained at diagnosis would be faster. In one sample both methods of standard preparation were compared and showed similar results. However, only the use of plasmid as a synthetic standard reaches the aim of an absolute quantification. Moreover, the availability of plasmids is unlimited, whereas the limited amount of patient samples is valuable. Therefore we prefer to use a synthetic standard serial dilution, such as plasmids containing the amplified sequence.
Sensitivity was tested for all three real-time detection methods, SYBR Green, hydrolyzation and hybridization probes. Sensitivity of the detection methods was dependent on the clone-specific sequence of the sample. It was possible to achieve a sensitivity of 10 copies in the background of 1 g DNA with all three detection methods, but we could not reach this sensitivity for all patient samples tested. The use of clonespecific primers in both hydrolyzation and hybridization detection methods showed for the tested patient samples best results concerning sensitivity. Sensitivity using clone-specific primers was at least 100 copies in the background of 1 g BC DNA. However, for both methods based on a specific amplification no analysis of the specificity, especially for the lowest copy numbers in the background of about 10 5 cells, is available. In contrast, the hybridization probe assay based on a specific detection by the clone-specific fluorescein probe offers the melting curve analysis as an additional test for the reliability of the detection of lowest copy numbers.
Recent MRD studies proved that a MRD detection level of 1 leukemic cell in 100-10 000 (10 −2 to 10 −4 ) normal cells is the MRD cut-off level for prognostic stratification. LightCycler real-time PCR allows the detection of 10 target DNA copies in a total of 1 g DNA (corresponding to 1.6 × 10 −5 cells; sensitivity: 10 −4 ) and thus proves the ability for a sensitive quantification of MRD in bone marrow follow-up samples during therapy of childhood ALL.
We have compared four methods, three of them using a clone-specific primer for clone-specific amplification with general detection of the amplified product by SYBR Green, hydrolyzation probe or a general hybridization probe, and one using clone-specific detection with one hybridization probe as a general primer and clone-specific hybridization.
SYBR Green detects all dsDNA, including primer dimers and other undesired products and does not allow any verification of product identity. Therefore the specificity of detection depends only on the specificity of amplification. 17 Because of the demands on a specific absolute quantification, SYBR Green should not be used as detection dye for MRD quantification. Nevertheless, SYBR Green is very useful for PCR establishment purposes.
We present for the first time the possibility of using the hydrolyzation probe for MRD quantification positioned at a consensus sequence (V2) whereas the specificity of clone detection is achieved by one clone-specific primer. For all six patient samples tested the amplification was specific. Most important in the assays based on clone-specific amplification is a highly specific annealing of the clone-specific primer depending on the sequence and annealing temperature. Just a slightly aspecific primer annealing will cause an aspecific fluorescence detection. The design of the clone-specific primer and its testing is the most important step for the quantitative real-time PCR with a common detection probe. For large studies with a high turnover of samples the design of a common hydrolyzation probe is recommended because it is more cost effective than designing a specific hydrolyzation probe for each single clone-specific gene rearrangement.
Real-time PCR based on specific detection using clonespecific hybridization probes and a general PCR primer first caused problems concerning specificity in 4/6 samples. The melting curve analysis proved to be a very useful tool for temperature optimization for specific detection. In 2/4 samples specific detection was not reached until melting curve analysis was performed. In cases of unspecific amplification it is possible that very similar melting curves for the clonal amplicon and the unspecific amplicon might be seen due to high sequence similarities in the CJR. In this case it is necessary to redesign the clone-specific probe.
Because quantitative PCR with clone-specific primers and hydrolyzation probe showed better results concerning specificity than the hybridization probe assay with clone-specific fluorescein and a general primer another design was tested matching a labelled clone-specific primer and a general hybridization probe. With this variant hybridization probe assay in 3/3 samples tested was a specific detection with a sensitivity of 10 1 reached. However, for this hybridization probe approach the melting curve analysis cannot be used in order to distinguish specific and aspecific amplification.
In summary, four different approaches for real-time PCR with LightCycler technology for quantification of minimal residual disease are assessed. The experimental strategies demonstrated allow absolute quantitative PCR by fluorescence detection with different specificity and sensitivity.
SYBR Green caused problems concerning specificity and is not applicable for clone-specific quantitative PCR. Specificity of LightCycler PCR quantification using hydrolyzation and hybridization probes is very much dependent on the sequence of the CJR. Comparing the specificity of quantitative PCR detection approaches presented in this paper it seems easier to succeed in designing clone-specific primers combined with a general hybridization or hydrolyzation probe than using a clone-specific hybridization probe with general primers. The closed tube system of the LightCycler proved to enable a sensitive, specific, reliable and extraordinarily rapid MRD quantification by online detection of PCR amplification without any post-PCR handling reducing the contamination risk and significantly saving time and material.
Real-time PCR by LightCycler technology can speed up and simplify absolute and specific MRD quantification. The method will be useful in studies with a high turnover of samples, and in future ALL therapy it can help to provide data for decision making in treatment of childhood ALL immediately.
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